Introduction
Gliosarcoma, defined as a variant of glioblastoma multiforme, according to the World Health Organization classification (WHO, 2000) , is a rare primary neoplasm of the central nervous system (CNS), a grade IV tumor. Its characteristic biphasic tissue pattern consists of alternating areas displaying glial and mesenchymal (sarcomatous) differentiation. The origin, monoclonal or biclonal, of its biphasic nature is still a subject of debate. Gliosarcoma accounts for about 2% of all the glioblastomas, usually affecting the adult population in the fourth to the sixth decade of life with males more frequently affected than females (male : female, 1.8 : 1) (Ohagaki et al. 2000) . Gliosarcomas are usually located in the cerebral cortex involving the temporal, frontal, parietal, and occipital lobe in decreasing frequency. Invariably, the clinical history of the patient is short and the presenting symptoms depend upon the location of the tumor (Machucka et al. 2004) . After drastic surgical resection and chemotherapy the prognosis is very poor. Median survival is usually 11.5 months with less than 10% survival after 2 years following diagnosis (Luterbach et al. 2001) . One of the factors leading to therapeutic failure in the treatment of human anaplastic gliomas is the extensive infiltration of the tumor cells into the brain tissue, which makes them rather inaccessible to treatment methods (Kelly et al. 1984) . Nowadays, one strategy investigated for treatment is to target the invading tumor cells by using specific binding ligands (Shukla and Krag 2006) . Therefore, the critical points are to identify the tumor-specific target molecules and characterize their structures in detail.
As generally accepted, malignant transformation of cells is accompanied by aberrant cell surface-glycocalyxmolecular composition, particularly due to irregularities in glycoconjugate glycosylation pathways. Various glycosyl epitopes constitute tumor-associated antigens (Hakomori 2002; Fredman et al. 2003 ). Moreover, highly expressed, some of them promote invasion and metastases, whereas some others suppress tumor progression (Hakomori 2001) . Among molecules bearing characteristic glycosyl epitopes causing such effects are gangliosides (GGs), sialic acid (SA) containing glycosphingolipids (GSLs) incorporated into outer leaflet of the cell-membrane bilayer and particularly enriched in microdomains.
Through intermolecular interactions, GGs directly participate in cell-to-cell and cell-matrix recognition and adhesion, and also, through glycosynapses, modulate signal transduction pathways (Hakomori 2004) . GSL-dependent cross-talk between glycosynapses interfacing tumor cells with their host cells has been recognized as a basis to define tumor malignancy (Hakomori and Handa 2002) . Certain GG species induce cell growth inhibition and cell differentiation or/and apoptosis (Malisan and Testi 2002) . For instance, GM3 treatment reduces the cell number in primary cultures of high-grade human glioblastoma multiforme, ependymomas, mixed gliomas, astrocytomas, oligodendrogliomas, and gangliogliomas, as well as of the rat 9L cell gliosarcoma cell line, whereas it had little effect on the cell number in cultures of a normal human brain. Moreover, intracranial injection of GM3 in nude mice following implantation of rat 9L CNS tumor cells resulted in significantly longer symptom-free survival times (Noll et al. 2001) . The oncogenic transformation and its reversion can be explained through the difference in GM3 containing-glycosynapse organization (Mitsuzuka et al. 2005) .
GGs are considered as potential therapeutic targets for cancer treatment, primarily for production of anticancer polyvalent vaccines (Fernandez et al. 2003) . Immunotherapy with an anti-GD2 monoclonal antibody has been shown as a promising strategy in the prevention of neuroblastoma relapse in an experimental metastatic model (Raffaghello et al. 2003) . Several GG-based vaccines, in particular against melanoma, small cell lung carcinoma, and breast carcinoma, are currently under clinical trials (Chapman 2003; Krug 2004 ).
In the case of human gliomas, mono-and di-sialylated GGs have been primarily studied and suggested as associated species and/or antigens (Fredman et al. 2003) . Although several molecules have been suggested as potential candidate glioma-antigens, no definitive glioma-specific antigens have been identified to date (Fine 2004) .
In the last years, several biophysical methods complementary to immunochemical and immunohistochemical techniques, for the investigation of GG expression and structure in gliomas, have been introduced. GG profiling, their quantification and correlation to histomorphology and grading of human gliomas have been studied (Wagener et al. 1999 ) using a newly developed microbore high-performance liquid chromatography (HPLC). Steiner et al. (2003) demonstrated the use of infrared spectroscopy as a potential adjunct to histopathological diagnosis of human brain. The analysis showed alteration of the nature and amount of brain lipids, including GG, in tumor as compared with control tissue. In another recent study, Hedberg et al. (2001) determined the GG expression in human glioblastoma by confocal microscopy using antiGG monoclonal antibodies.
Mass spectrometry (MS) represents one of the most precise and sensitive analytical methods. Electrospray ionization (ESI) MS enables not only accurate molecular mass determination but, by employing tandem MS, the molecules may be sequenced to deduce their structure in detail. Potentials of ESI-MS for pico-and sub-picomolar level analyses and discovery of biologically relevant species in complex glycomixtures increased after the introduction of chip ionization methods. The development of microfluidics/ESI-MS is aiding significant progress due to numerous advantages of microchip technology such as sensitivity, high performance resulting in MS data rich in structural information. The potential of chip ESI-MS and tandem MS in glycolipidomics for biomedical research has been reported by our group . On the other hand, Fourier-transform ion cyclotron resonance MS (FT-ICR-MS) is currently emerging as a powerful tool in glycobiology due to its high resolving power and accurate mass determination (Froesch et al. 2004; Zaia 2004; .
The aim of this study is the systematic characterization of GG composition in human gliosarcoma. Modern MS was complemented by high-performance thin layer chromatography (HPTLC) analysis to achieve the final goal-structural analysis of the tumor-associated structures, which might serve as potential diagnostic markers or specific target molecules for production of antitumor therapeutic agents. Chip-based nano-ESI quadrupole time-of-flight (QTOF) MS and ultrahigh resolution nano-ESI-FT-ICR-MS, previously optimized and introduced by us in glycolipidomics, are here applied for the first time for structural identification of GG species in human gliosarcoma.
Results
Ganglioside quantity and pattern of human gliosarcoma analyzed by HPTLC and laser densitometry GG were extracted and purified from gliosarcoma tumor tissue sample weighing 0.87 g and in parallel from normal frontal cortex (0.93 g). The total GG content in gliosarcoma sample was 117.85 mg of GG-bound SAs per gram tissue wet weight (w.w.) (mg GG-SA/g), as determined by spectrophotometric method. The content was obviously much lower as compared with normal brain tissue, e.g. approximately 7.4 times less than in the analyzed normal adult cerebral cortex of the frontal lobe (Table I ). Qualitative analysis of gliosarcoma GG pattern using HPTLC showed the fractions migrating as GM3, GM2, GM1, GD3, GD1a, GD2/GT3, GD1b, GT1b, and GQ1b ( Figure 1A ). Additional minor fractions (X1 and X2, marked by arrows) with TLC migrating properties of monosialo-and disialo-GG structures were observed as well. These minor structures were not present in the reference GG mixture obtained from normal adult cerebral tissue of frontal cortex ( Figure 1B) . Proportions of individual GG separated by HPTLC, as quantified by densitometric analysis, differed to a great extent between gliosarcoma and normal brain tissue (Table I ). In gliosarcoma, the GG fraction (upper and lower band) with migration properties of GD3 was the major one, accounting for almost 50% of the total GG content. GM3, GD2/GT3, and the fraction corresponding to 3 0 -isoLM1 were, beside GD3, present in much higher relative proportions than in normal brain tissue (Table I) , whereas proportions of more complex structures were lower in gliosarcoma, several fold (GM1a/GM1b, GD1a, and GD1b) to slightly (GM2, GT1b, and GQ1b).
Human gliosarcoma-associated ganglioside composition
Compositional analysis of gliosarcoma GGs by highperformance chip-based ESI-QTOF and ESI-FT-ICR-MS Purified native GG mixture from gliosarcoma was analyzed by both chip-based nano-ESI-QTOF and nano-ESI-FT-ICR mass spectrometric approaches of screening using MS1 negative ion mode. The obtained mass spectra are shown in Figures 2 and 3 , respectively. GG molecular ions detected by chip-based nano-ESI-QTOF-MS1 and in parallel by nano-ESI-FT-ICR-MS1 are listed in Table II , together with their putative structural assignment. Both spectra featured a rich molecular ion pattern, showing the presence of all chromatographically detected fractions as well as some individual glycan species, highly heterogeneous in their ceramide structures. Several species not recognized by HPTLC were also detected. GD3, particularly d18:1/18:0, d18:1/24:1, and d18:1/24:0 (m/z 1470. 827, 1552.898, and 1554.918) , were present with the highest abundance, but surprisingly a high abundance of counterpart O-acetylated GD3 derivatives, particularly d18:1/18:0 and d18:1/20:0 (m/z 1512.855 and 1540.890), was also observed. High intensity ions corresponding to GM3 and GD2 species carrying different ceramides were present as well. Several considerably abundant ions related to GM2, GM1, and/or their isomers nLM1 and LM1, as well as to GD1 species characterized by heterogeneity in composition of their ceramide moieties, were found; GT1 species were represented by low-abundance ions. Unusual ions at m/ z 1881. 24, 1910.146 (1909.25) , and 1992.53, corresponding to Hex-HexNAc-nLM1 d18:1/16:0, d18:1/18:0, and d18:1/ 24:1, respectively, were also recognized. Some low-abundance ions, detected by chip-based nano-ESI-QTOF MS1, were putatively assigned to: ), but its structure was nevertheless proved by MS/MS, and no ions indicating d18:1/23:0 ceramide residue were found. GQ1 species, were not detected by MS, although HPTLC analysis showed the presence of a certain GGs migrating in the vicinity of GQ1b, detected and generally occurring in the normal human brain ( Figure 1A and 1B).
Structural characterization of gliosarcoma-associated GGs by tandem MS
In order to provide a reliable structural identification, several detected species were subjected to structural analysis by nano-ESI-QTOF-MS/MS sequencing in the negative ion mode. Here, we present sequencing data confirming structural identification primarily of those species detected to be highly abundant in gliosarcoma versus normal human brain, and which have been so far recognized by other authors to represent brain tumor-associated antigens. As the first example, The fractions are tentatively assigned according to the migration properties of the major ganglioside species present in reference/standard GG mixture from an adult human brain. a upper band and lower band. Human gliosarcoma-associated ganglioside composition Figure 5 , exhibited a fragmentation pattern relevant to deduce the structure of proposed GD2 species. To confirm the presence of O-acetylated GD3 derivatives, the [M-H þ ] 2 ion detected by chip nano-ESI QTOF MS1 at m/z 1540.88, assigned to O-Ac-GD3 d18:1/20:0 was further subjected to MS/MS analysis. As revealed by the product ion spectrum (Figure 6 ), an additional isolation and partial sequencing of the parent ion at m/z 1544.93 corresponding to GM1, nLM1 and/or LM1 (d18:1/18:0) occurred in parallel with the chosen ion at m/z 1540.96. The same occurred during the selection and fragmentation of the parent ion at m/z 1544.89 (Figure 7 ), resulting in a partial isolation and sequencing of two additional ions at m/z 1540.88 and 1542.87 (inset in Figure 7) . The ion at m/z 1542.87 was recognized as a di-unsaturated (d18:1/18:1) analog of the monosialotetraose species at m/z 1544.89. Nevertheless, both product ion spectra (Figures 6 and 7 
. Negative ion mode nano-ESI-QTOF-MS/MS of the [M-H]
2 ion at m/z 1673.93 corresponding to the GD2 (d18:1/18:0). Acquisition time: 7 min; average sample consumption: 2.5 pmol. Other conditions as in Figure 4 . Inset, the fragmentation scheme of GD2.
Fig. 6. Negative ion mode nano-ESI-QTOF-MS/MS of the [M-H]
2 ion at m/z 1540.96 corresponding to the O-Ac-GD3 (d18:1/20:0). ESI voltage, 1000-1250 V; for precursor ions isolation the LM and HM parameters were set to 3; collision energy: 25-40 eV; collision gas pressure: 5-10 psi.; acquisition time, 11 min; average sample consumption, 3.5 pmol. Inset, the fragmentation scheme of O-Ac-GD3.
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represented by a sequence NeuAc-Gal-HexNAc-Gal-Glc-Cer (d18:1/18:0). However, the collected HPTLC and MS data do not permit distinction between the possible oligosaccharide chain series: ganglio-, neolacto-, and lacto-series. Actually, based on our previous findings Vukelić et al. 2001 ) and findings of other authors (Fredman 1994) , as explained in the 'Discussion section', we suspect that at least three or even four monosialotetraose GG species, in particular nLM1, LM1, GM1b, and GM1a all carrying Cer (d18:1/18:0), were present and sharing the same molecular ion (m/z 1544.89 in this case). The proposed major sequence NeuAc-Gal-HexNAc-Gal-Glc-Cer (d18:1/ 18:0), corresponding to nLM1, LM1, and GM1b, was deduced from the complete, intensively abundant, Y-ion series (Y 0 -Y 4 ), with particularly highly intensive diagnostically important Y 2 -ion at m/z 888.77 indicative of a free Gal-Glc-Cer 2 fragment, carrying no sialyl residue at the inner Gal. The ion series C 3 -C 5 , accompanied by B-type counterpart ions and A 4 -type ring cleavage ions, corroborate the proposed major sequence, although not being discriminative regarding the attachment site of the NeuAc residue. On the other hand, the low-abundance ion at m/z 1179.80, consistent with the NeuAc-Gal-GlcCer 2 (d18:1/18:0) fragment structure, represents an argument for the presence of a branched monosialotetraose GG species, such as GM1a. As already mentioned above, the presence of additional minor monosialotetraose containing Cer (d18:1/18:1) was recognized from the corresponding low-abundance Y 0 -Y 2 ion series accompanied by the analogous Z 1 -ion, as indicated in the spectrum (Figure 7) .
Discussion
Among various low-and high-grade glioma types, including glioblastoma multiforme that have been so far investigated regarding the GG composition (Fredman, 1994; Fredman et al. 1999; Wagener et al. 1999; Becker et al. 2000; Popko et al. 2002) , none of them was classified as a gliosarcoma variant. Besides, the data upon glioma GG collected in previous studies has been obtained using HPTLC, immunochemical and immunohistochemical detection, and eventually HPLC. All of these methods showed limited potential concerning efficient separation, detailed profiling, and structural characterization of GG species in native mixtures, especially if less abundant. In many cases, procedures for GG purification involving alkali hydrolysis have been used, causing degradation of O-acetylated and lactonized derivatives. Only few individual species, detected by specific antibodies, have been structurally confirmed by MS or NMR (Fredman et al. 1988) .
In this context, our study is the first one presenting in detail the GG pattern in a human gliosarcoma specimen and also the first one demonstrating that the total number of distinct species expressed in a certain glioma is actually much larger than the postulated before. Our approach combining sensitive and accurate MS methods with conventional HPTLC enabled the detection and structural assignment of 73 distinct species expressed in gliosarcoma, as well as characterization of structural features of single GG component in the complex native mixture.
The ion assignment and postulation of structures was carried out based on previous knowledge upon this type of substrates (Wagener et al. 1999; Vukelić et al. 2001) , existing MS and Human gliosarcoma-associated ganglioside composition MS/MS data upon the normal human brain GG expression and structure ) and biosynthetical pathway criteria corroborated with the data acquired here by HPTLC, chipESI-QTOF-MS and MS/MS, and FT-ICR-MS.
The chromatographic and densitometric analysis indicated a several fold decrease (7.4x) of the total GG content in gliosarcoma versus normal human brain, which is in agreement with the data reported previously for other glioma types (Fredman 1994) .
By combining the two different MS approaches, we collected evidence (Table II) of a much higher complexity of gliosarcoma-associated GG composition than initially detected by HPTLC (Figure 1 and Table I ). This shows that all individual HPTLC separated bands contained several distinct species with similar migration properties, which were distinguished by MS. Nevertheless, the MS and HPTLC patterns were in excellent agreement. Most of particular glycan structures showed a high heterogeneity with respect to ceramide moiety. The HPTLC pattern of gliosarcoma GGs is to a certain extent comparable with the patterns of glioblastoma multiforme specimens reported by other authors (Fredman 1994; Becker et al. 2000) . In the case of gliosarcoma, GD3 species carrying different ceramides were found to account for nearly 50% of the total GG content, being the most prominent fraction, and the only fraction expressed in higher absolute concentration than in normal human frontal cortex (approximately 128%). The relative abundance of GD1a fraction was observed to be higher, whereas the GD1b and the GT1b lower than in the grade-comparable reported glioma.
The GG composition of gliosarcoma was found to be highly altered in comparison with the composition of normal human brain ( Figure 1 and Table I ). The relative abundances of GD3, GD2/GT3, and GM3 fractions were 9.4-, 5.6-, and 3.1-folds higher, respectively, whereas GM1/nLM1, GD1/ nLD1, and GD1b fractions showed 14.9-, 2.3-, and 6.7-fold lower relative abundance. All these species were detected by MS with comparable intensities of the corresponding molecular ions, while GD3 and GD2 were structurally confirmed as well. Further, at least two minor TLC fractions, X1 and X2, were observed, the first one corresponding, according to TLC-migration property, to isoLM1 species. By tandem MS (Figure 7) , we provided the structural evidence upon its presence. This species was already reported as a characteristic glioma-associated structure, which was not detected so far in the adult human brain (Fredman 1994) . Although the MS evidence does not permit distinguishing between monosialotetraose isomers bearing sialylation at the terminal Gal residue, on the basis of our previous data Vukelić et al. 2001 ) and the HPTLC pattern, we suspect that beside isoLM1, two additional isomers nLM1 and GM1b also sialylated at the terminal Gal residue, are present as well. MS data also provided evidence for the presence of a monosialotetraose species carrying SA at the inner Gal, consistent with GM1a isomer. MS reveals also a quite prominent abundance of O-Ac-GD3 (d18:1/18:0) and (d18:1/20:0), and strongly supports the presence of several unusual minor species, such as GM4, Hex-HexNAc-nLM1, Gal-GD1, GT3, Fuc-GT1, GalNAc-GT1, O-Ac-GM3, di-O-Ac-GD3, and O-Ac-GT3, not previously reported as glioma-associated GGs. Most of these species represent the so-called fetal brain-associated GGs i.e. developmentally regulated antigens, which are only minor components of the normal brain as observed by us previously ).
The results obtained by tandem MS are consistent with the presence of gliosarcoma-associated O-Ac-GD3 isomer bearing O-acetylation at the inner SA residue, a form that has not yet been structurally confirmed. We cannot claim, however, that this novel isomer is the sole O-Ac-GD3 in gliosarcoma. It has been observed that at physiological pH, the 7-and 8-O-acetyl esters tend to migrate to position 9 within the same (terminal) Neu5Ac residue (Varki and Diaz 1984) . The potential inter-Neu5Ac migration of the O-acetyl group from the outer Neu5Ac (C-9, -8 or -7) to the inner Neu5Ac residue is less probable considering the longer distance. On the other hand, the MS detection of O-Ac-GM3 structure(s) corroborates the natural occurrence of the identified O-Ac-GD3 isomer. O-Ac-GM3 may serve as a natural precursor molecule for the synthesis of the postulated O-Ac-GD3 form by the same sialyltransferase II responsible for the sialylation of GM3. The fact that gliosarcoma, as the highest malignancy grade brain tumor, contains much higher amount of potentially proapoptotic GD3 than of the O-acetyl GD3 species supports the recent assumption (Kniep et al. 2006 ) that O-Ac-GD3 could by itself be responsible for the protection of tumor cells from apoptosis.
The classification of human gliomas is currently based on neuropathological criteria. Prognostic and therapeutic parameters are dependent upon whether the tumors are of astrocytic or oligodendroglial origin. GA1 was postulated as one of three markers characterizing the oligodendroglial versus astrocytic origin (Popko et al. 2002) . By MS screening, we detected several HexNAc-Hex-Hex-Cer species differing in ceramide composition. Such a structure corresponds to GA2, asialo-GM2. Therefore, although the MS analysis cannot exclude the presence of Lc 3 Cer, we assume that gliosarcoma, classified as a tumor of astrocytic origin, expresses GA2, which might serve as an additional marker distinguishing it from oligodendroglial tumors.
GD2 is one of the GG epitopes used for production of antitumor vaccines being under clinical trials in treatment of recurrent or progressive gliomas (Becker et al. 2002) . Also, GD3 has been reported to be responsible for the glioma cell proliferation and studied as a potential target for antibodies able to inhibit cell proliferation (Hedberg et al. 2000) . This is in contradiction with the recent evidence postulating the proapoptotic effects of GD3 (Chen and Varki 2002) , which might be reversed by 9-O-acetylation. Surprisingly, other O-acetylated GG have been lately described to have inhibitory/antiproliferative activity against glioma cell invasion. An efficient inhibitor of astroblast and astrocytoma division, O-acetylated GD1b, called neurostatin, carries the O-Ac group at the outer SA residue (Abad-Rodriguez et al. 1998) . Recent studies suggested that the sugar structure and the O-acetylation cooperate in improving the antimitotic activity of O-acetylated compounds (Romero-Ramirez and NietoSampedro 2004) . In gliosarcoma tissue analyzed in this study, no MS evidence for the presence of O-acetylated GD1b structure was found, which correlates with proliferative and invasive nature of the tumor.
We suppose that the reduction in the total GG content and the altered pattern in gliosarcoma versus control tissue is the result of both a lower overall biosynthetic rate, due to change in expression of certain glycosyltransferases, and higher turnover rate. A higher expression of sialyltransferase II (GD3 synthase) and a lower expression of galactosyltransferase II could in part explain the very high GD3 and very low GM1a, GD1a, and GD1b abundances.
Worth examining in further studies is whether the gliosarcoma cell proliferation could be suppressed by: (i) manipulations such as down-regulation/inhibition of the sialyltransferase II and/or up-regulation of the galactosyltransferase II and (ii) treatment with GM1a and/or GD1a, found to be diminished in gliosarcoma. Besides, several identified unusual GG antigens, here demonstrated as gliosarcoma-associated, but less common for healthy tissues, particularly the novel O-Ac-GD3 isomer, intrude as potential candidates for production of more selective polyvalent immunotherapeutic agents against gliosarcoma.
In conclusion, by a three-stage investigation based on chipESI-QTOF MS and tandem MS and FT-ICR-MS, it was found that the total number of distinct individual GG species expressed in an analyzed gliosarcoma specimen is significantly higher than previously assessed and reported in other glioma specimens. Moreover, the unique feature of tandem MS, to provide structural data at high sensitivity, enabled reliable structural characterization of the gliosarcoma-associated GD3, characteristic O-Ac-GD3 form, GD2 and monosialotetraose species, presumably isoLM1, nLM1, GM1b, and GM1a. A number of unusual GG species, most of which considered as brain developmental antigens and not previously reported as glioma-associated, was also evidenced.
To our knowledge, such a detailed GG profiling followed by structural analysis has not been achieved before for any tumor entity. Therefore, we consider that this study provides the methodological platform for characterizing other glioma entities in order to identify biomarkers valuable in early diagnosis and therapy.
Materials and methods

Gliosarcoma and normal brain tissue characterization
Brain tumor localized in frontotemporal cortex of right hemisphere in male patient, age 47, was clinically diagnozed using computerized tomography and magnetic resonance. Brain tumor sample was obtained during surgical procedure. The histopathological diagnosis of gliosarcoma, grade IV (according to WHO classification, 2000) was confirmed using specific silver stain showing mesenchymal proliferation (Department of Neuropathology, Faculty of Medicine, University of Zagreb, Croatia). The sample of frontal cortex from a normal adult human brain (42 years; the person died in a traffic accident) was dissected to serve as a control; the brain was obtained from the Department of Forensic Medicine, Faculty of Medicine, University of Zagreb, Croatia. Tissue samples used for biochemical analysis were weighed and stored at 2208C after careful removal of blood vessels and necrotic elements.
Ganglioside GG extraction and purification GG extraction was performed according to the method of Svennerholm and Fredman (1980) , as modified in our laboratory . Tissue sample was weighed and homogenized in ice-cold distilled water (W) as to obtain the 10% homogenate. Lipids were extracted twice using solvent mixture of chloroform (C):methanol (M) (1:2, by volume), followed by partition and repartition by adding M and W to a final volume ratio 1:1:0.8. Upper phases containing polar GSLs (GG) were collected. Dried GG extract was finally purified by dialysis (overnight, at 4 8C) and used for quantitative and qualitative GG analysis.
Quantitative and qualitative analysis of GGs in gliosarcoma The purified native GG mixtures from gliosarcoma and from adult frontal cortex, serving as a control, were analyzed in parallel. Quantitative analysis of total GG concentration was performed according to the spectrophotometric method of Svennerholm (1957) , as modified by Miettinen and TakkiLuukkainen (1959) . The absorbances of samples and N-acetylneuraminic acid (SA) used as a standard in a range of known concentrations were determined at 580 nm; the concentrations of GG-bound sialic acidSAs (GG-SA) were expressed as microgram GG-SA per gram of fresh tissue w.w.
Qualitative analysis was performed by HPTLC separation of individual GG on silica gel plate. The samples of purified GG extracts were dissolved in an adequate volume of C:M (1:1) and aliquots containing 10 mg of GG-SA were applied to the plate. Also, the standard mixtures of GG were applied to the same plate: GM2 GG from the human lung tissue and GG mixture from the human cerebellum were prepared and purified in our laboratory. The plates were developed in a solvent system containing C, M, and 12 mM MgCl 2 (58:40:9, by volume). After drying, plate was sprayed with resorcinol reagent and heated for 30-45 min until GG fractions appeared as bluish bands. Finally, HPTLC separated and visualized GG fractions were subjected to laser densitometric scanning (LKB 2202 Laser Ultrascan, LKB, Bromma, Sweden) at 580 nm, as described by (Trbojević-Č epe and Kračun 1990), enabling relative quantification of individual GG, expressed as their relative proportion (%) in a sample.
Sample preparation for MS
For MS analysis, the stock solution of the GG sample was prepared by dissolving the dried material in M to be stored at 220 8C. Dilution of the stock solution with pure M yielded the working aliquots at the roughly estimated concentrations of about 10 pmol/mL for capillary-based nano-ESI-FT-ICR-MS and 2 -3 pmol/mL for capillary-based and chip-based nano-ESI-QTOF-MS experiments. M was obtained from Merck (Darmstadt, Germany) and used without further purification.
Quadrupole time-of-flight mass spectrometry All QTOF MS and tandem MS experiments were conducted on an orthogonal hybrid QTOF (QTOF Micromass, Manchester, UK) equipped with nano-ESI ion source. The QTOF mass spectrometer is interfaced to a personal computer running the MassLynx software to control the instrument, acquire, and process the mass spectra. All mass spectra were acquired in negative ion mode, which was previously shown to be best suited for GG analysis Vukelić et al. 2001) . The values of the nano-ESI source parameters such as ESI capillary, sampling cone potentials, and desolvation gas were optimized to give rise to an efficient ionization, Human gliosarcoma-associated ganglioside composition to hinder the in source fragmentation and ensure a maximal ionic transfer into MS.
Tandem MS was performed by collision-induced dissociation (CID) at low energies using argon as a collision gas. For ion isolation, the LM and HM parameters were set to provide a fair compromise between the precursor ion isolation and measurement sensitivity. Collision energy and gas pressure were readjusted several times during the ongoing MS/MS experiment to enhance an optimal fragmentation of GG species. The product ion spectra were combined over scans acquired at variable collision energy within 25-85 eV range (E lab ).
All mass spectra were calibrated using sodium iodide as a calibrant. The reference provided in negative ion mode a spectrum with a fair ionic coverage of the m/z range scanned in both MS and CID MS/MS experiments. The fragment ions were assigned according to the nomenclature of Domon and Costello (1988) .
Fourier-transform ion cyclotron resonance mass spectrometry FT-ICR experiments were performed on a Bruker Apex II FT-ICR-MSF (Bruker Daltonik, Bremen, Germany) equipped with a 9.4 T superconducting actively shielded magnet (Magnex Scientific Ltd, Oxford, UK) and an Infinity TM cell. Gasphase ions were generated from solution by nano-ESI in the negative ion mode using an Apollo ion source. In this configuration, the sample is introduced into the home-made noncoated glass capillaries, in which a stainless steel wire kept at the ground potential is inserted. The ESI parameters were optimized to allow an efficient ionization and to reduce the in-source fragmentation of molecular ions. The capillary exit voltage was varied within 100 -300 V to ensure an optimal ion transfer into MS and to provide a high-ionic yield of the molecules. The ions were accumulated for 1 -2 s in the hexapole located after the second skimmer of the ion source and then transferred into the ion cyclotron resonance (ICR) cell. Ions were trapped by the Sidekick method. All mass spectra were acquired in the broad band mode with 512 kpoints/scan and externally calibrated. For the calculation of the theoretical monoisotopic masses of ions, the values for atomic masses of the most abundant isotopes given by (De Laeter et al. 2003) were used. The mass of electron, generating the negative charge, was included as suggested by Mamer and Lesimple (2004) .
Automated chip-based nanoelectrospray
Fully automated chip-based nanoelectrospray was carried out on a NanoMate TM 100 incorporating ESI Chip technology (Advion BioSciences, Ithaca, USA) mounted to the QTOF mass spectrometer. The robot was controlled and manipulated by ChipSoft software operating under Windows system. The position of the electrospray chip was adjusted with respect to the sampling cone potential to give raise to an optimal transfer of the ionic species into the mass spectrometer. In order to prevent any contamination, a glass coated microtiter plate was used for all experiments. Five microliter aliquots of the working sample solutions were loaded onto the 96-well plate. The robot was programed to aspirate the whole volume of sample, followed by 2 mL of air into the pipette tip and then deliver the sample to the inlet side of the microchip. Electrospray was initiated by applying a voltage of 1.60 kV to the pipette tip and a head pressure of 0.4 -0.6 psi. Following sample infusion and MS analysis, the pipette tip was ejected and a fresh tip and nozzle were used for each sample, thus preventing any cross-contamination or carry-over.
